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# # 6087514320 : MAJOR ENERGY TECHNOLOGY AND MANAGEMENT

KEYWORD: Bifacial PV panel, Albedo, Cost estimation, Internal rate of return
Pimporn Kopol : THE COMPARATIVE SIMULATION STUDY OF SOLAR POWER
USING BIFACIAL PV PANEL WITH TRACKING SYSTEM. Advisor: Assoc. Prof.
SUTHAS RATANAKUAKANGWAN

Bifacial photovoltaic panel (bifacial PV panel) is solar cell which can
receive both direct incident light on the front surface and the light reflected from
the ground on the back surface which allows it to have higher efficiency than
standard monofacial panel. Albedo is a ratio of the light being reflected from the
ground to the back surface and thus the albedo ratio directly affects performance
of the bifacial PV panel. The higher albedo ratio is, the more output the panel can
produce. The standard albedo for grass-type ground widely used for solar power
plant projects is around 0.2. This study compares various types of surface material
with different albedo. The surface materials to be compared consists of grass,
sand, and gravel. The energy outputs from the different materials are simulated
from PVsyst program. The investment cost of the solar power plant with bifacial PV
panel along with single-axis tracking system and conventional monofacial system
are then compared. Results from the study showed that the bifacial panel using
gravel with the albedo value of 0.4 has the highest yield. Despite having the
highest investment cost among alternatives (135.93 m.THB), using gravel as a
ground material has the highest internal rate of return (16.91%). Comparative study
with the monofacial system using the incremental rate of return indicated that the

bifacial PV panel with gravel has 43.31% higher rate.

Field of Study:  Energy Technology and Student's Signature .......cccccovievrienne.
Management

Academic Year: 2021 Advisor's Signature ..o
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Bifacial Solar Panel Monofacial Solar Panel
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Bifacial Solar Panel Monofacial Solar Panel
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Cost Gap Between Bifacial and Conventional Modules is Decreasing

Module Price

Module Cost($/W)
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2016 2017 2018 2019 2020 2022

——Bifacial ===Monofacial ==Monofacial HP

Source:_Data collected from PVinfoLink (2017-2028) and bifacial manufacturers (2019-)
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Grid-Connected System: Simulation parameters

Project : AngThong_project
Geographical Site AngThong Country
Situation Latitude 14.51°N Longitude
Time defined as Legal Time Time zone UT+7 Altitude
Albedo  0.20

Meteo data:

Thailand

100.33°E
12m

AngThong Meteonorm 7.2 (1991-2010), Sat=51% - Synthetic

Grid-Connected System: P50 - P90 evaluation

Project :
Simulation variant :

AngThong_project
Longi 440Wp - Grass ground - non-Bifacial

Simulation variant : Longi 440Wp - Grass ground - non-Bifacial

Simulation date  20/10/21 11h26

Main system parameters
PV Field Orientation

PV modules

PV Array

Model LR4-72 HPH 440 M G2
Nb. of modules 11340

System type  Unlimited Trackers with backtracking
tit

Pnom 440 Wp
Pnom total 4990 kWp

Simulation parameters

Tracking horizontal axis
Rotation Limitations

Simplified model, unlimited  155tracker rows  Axis Azimuth
Phi min. -45° Phi max

Tracking algorithm  Astronomic calculation

Nb. of trackers 155 Unlimited trackers
Tracker Spacing 11.0m Collector width
Phi limits  +/-68.4° Ground cov. Ratio (GCR)

Backtracking strategy

Backtracking limit angle

Models used Transposition  Perez Diffuse
Horizon Free Horizon
Near Shadings No Shadings

User's needs : Unlimited load (grid)

System type  Unlimited Trackers with backtracking

o
45"

400m
364 %

Perez, Meteonorm

PV Array Characteristics
PV module

Original PVsyst database
Number of PV modules
Total number of PV modules
Array global power

Si-mono Model LR4-72 HPH 440 M G2
Manufacturer ~Longi Solar
Inseries 20 modules
Nb. modules 11340
Nominal (STC) 4990 kWp

In parallel
Unit Nom. Power
At operating cond.

Array operating characteristics (50°C) Umpp 739V Imy
Total area Module area 24648 m* Cell area
Inverter Model SUN2000-100KTL-M1-480Vac
Original PVsyst database Manufacturer Huawei Technologies
Characteristics Operating Voltage 200-1000 V Unit Nom. Power
Max. power (=>40°C)
Inverter pack Nb. of inverters 40 units. Total Power
Pnom ratio

567 strings
440 W,

4556 kWp (50°C)
6161 A

22502 m*

100 kWac
110 kWac
4000 kWac
1.25

PV Array loss factors
Array Soiling Losses

Loss Fraction 3.

Thermal Loss factor Uc (const) 29.0 WimK Uv (wind)
Wiring Ohmic Loss Global array res. 2.0 mOhm Loss Fraction
Serie Diode Loss Voltage Drop 0.7 V Loss Fraction
LID - Light Induced Degradation Loss Fraction
Module Quality Loss Loss Fraction -
Module Mismatch Losses Loss Fraction
Striings Mismatch loss Loss Fraction

0%
0.0 Wim / m/s
1.5% at STC
0.1% atSTC
20%

0.4 %
1.0 % at MPP
0.10 %

Inverter Model - SUN2000-100KTL-M1-480Vac 100 kW ac
Inverter pack Nb. of units  40.0 Pnom total 4000 kW ac
Users needs Unlimited load (grid)

of the ility forecast

The probability distribution of the system production forecast for different years is mainly dependent

on the meteo data used for the simulation, and depends on the following choices:

Meteo data source
Meteo data

Specified Deviation
Year-to-year variability

The probabikty distribution variance is also depending on some
PV module modeling/parameters 1

Specified Deviation

Meteonorm 7.2 (1991-2010), Sat=51%

Kind Monthly averages
Climate change 0.0 %

Variance 25 %

Inverter efficiency uncertainty 0.5 %
Soiling and mismatch uncertainties 1.0 %

Global variability (meteo + system)

Annual production probability

Degradation uncertainty 1.0 %

Variance 3.1 %

Variability 271 MWh
P50 8776 MWh
P90 8430 MWh
P95 8332 MWh

Probability distribution

Synthetic  Multi-year average

system parameters uncertainties
0%

(quadratic sum)

T
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Wiguigun1saamu 3 Uszianfe 1) asu 100% laggasu 2) §amuesn 70% waz
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BUNLAUNAURILATIES1S 11 1Was TUdunesmesuIn 240 dlaliaduauulus
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4.2 aldarelunisasyu (CAPEX)
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593 (82uu7n) 130.37 134.53 135.65 135.93
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Tasens?i 1 Fadulasemsiildunsussanialy suiflduaduiundg Suyuluns
ATUNNT 4.57 A/l vie 114.98 auum/25 U

1. Tasensdi 2 Fadulaseansildunsssaniuuasansdiu fuildunadufiumg
suulunisaiiunis 4.57 v/ vise 114.98 duun/25 U

2. Tassmsdt 3 Fadulasensildunsussinnivuasansdnu vnisyitudenag
Auvulun1saniiunig 4.64 auum/d vise 116.05 a1uumn/25 U

5. Tasimsd 4 Sadulassnsilfumaussaniuuasaesdu shnsyiiufeiiunnn
suyulunisaiiunis 4.64 auun/Al vise 116.05 Auun/25 U

M19197 4-3 Aldanelunisedunis (OPEX)

. ety WKATULASERIAY
EREGESEL — 5 a— ¥ 5
WU WU WUNIY WUKRUNTIA
Alg1elun1saniueu
ATANGLLHS 0.48 0.48 0.72 0.72
ANARAG 0.22 0.22 0.055 0.055
w3nadle 0.45 0.45 0.45 0.45
nrinuU iR 0.76 0.76 0.76 0.76
gunInid150 0.06 0.06 0.06 0.06
Alg1elun1saniueu 1.97 1.97 2.05 2.05
Ald9edug
A T (98,521 asiL) 0.62 0.62 0.62 0.62
Usziuny 0.46 0.46 0.46 0.46
assUlag 0.10 0.10 0.10 0.10
ANIVITN 1.03 1.03 1.03 1.03
M 0.06 0.06 0.06 0.06
Wanda 0.32 0.32 0.32 0.32
saualdgnedug 2.98 2.60 2.60 2.60
Alga1elun1sanidueu (OPEX) aruumAl 4.57 4.57 4.64 4.64
alganglunisaiiueu (OPEX) aruun/25 U 114.18 | 114.18 116.05 116.05
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Project :
Simulation variant :

Grid-Connected System: P50 - P90 evaluation

AngThong_project
Longi 440Wp - Grass ground - non-Bifacial

Main system parameters
PV Field Onentation

PV modules

PV Array

Inverter

Inverter pack

User's needs

System type

tilt

Model

Nb. of modules
Model

Nb. of units
Unlimited load (grid)

Unlimited Trackers with backtracking

LR4-72 HPH 440 M G2
11340

SUNZ000-100KTL-M1-480Vac
40.0

Pnom
Pnom total

Pnom total

440 Wp
4990 kWp
100 KW ac
4000 kW ac

Evaluation of the Production probability forecast

The probability distribution of the system production forecast for different years is mainly dependent
on the meteo data used for the simulation, and depends on the following choices:

Meteo data source Meteonorm 7.2 (1991-2010), Sat=51%

Meteo data Kind Menthly averages Synthetic  Multi-year average
Specified Deviation Climate change 0.0 %

Year-to-year variability Variance 25 %

The probability distribution variance is also depending on some system parameters uncertainties

Specified Deviation

Global variability (meteo + system)

Annual production probability

PV module modelling/parameters
Inverter efficiency uncertainty
Sciling and mismatch uncertainties
Degradation uncertainty
Variance

Variability
P50
P90
P95

1.0 %
0.5 %
10 %
1.0 %
31 % {quadrafic sum)
271 MWh
8776 MWh
8430 MWh
8332 MWh

Probability distribution

.50 e ——— — —
0.45 b= _'_'
P50 = BT76450 kWh E
040 E
o35 3
0.30 = =
§ sk 3
i omf -
PO = B429618 KN F
sk =
ok PO5 = B332022 KW 3
oos 3
.00 1 M 1 n ] 1 L 1 i 1 n 1 a
BOOODOO 200000  BADDOOD  BEO0OOG  EBAOOOOD SODKODD 9200000 9400000  SE0ODOO

E_Gnd system production KWh
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Grid-Connected System: P50 - P90 evaluation

Project : AngThong_project

Simulation variant : Longi 440Wp - Grass ground

Main system parameters System type Unlimited Trackers with backtracking

PV Field Orientation tilt

PV modules Model LR4-72 HED 440 M G2 Bifacial 440 Wp

PV Array Nb. of modules 11340 Pnom total 4990 kWp
Inverter Model SUN2000-100KTL-M1-480Vac 100 kW ac
Inverter pack Nb. of units  40.0 Pnom total 4000 kKW ac
User's needs Unlimited load (grid)

Evaluation of the Production probability forecast

The probability distribution of the system production forecast for different years is mainly dependent
on the meteo data used for the simulation, and depends on the following choices:

Meteo data source Meteonorm 7.2 (1991-2010), Sat=51%

Meteo data Kind Monthly averages Synthetic Multi-year average
Specified Daviation Climate change 0.0 %

Year-to-year variability Variance 2.5 %

The probability distribution variance is also depending on some system parameters uncertainties
Specified Deviation PV module modelling/parameters 1.0 %
Inverter efficiency uncertainty 0.5 %
Soiling and mismatch uncertainties 1.0 %
Degradation uncertainty 1.0 %

Global variability (meteo + system) Variance 3.1 % (quadratic sum)

Annual production probability Variability 285 MWh
P50 9249 MWh
P30 8883 MWh
P95 8780 MWh

Probability distribution

0.50 =
0.45 =

I i I i I ' I ' I ' I ' I 4 I i
F P50 = 9248749 KWh

0.40 P

0.35 F

.30

(¥ 3

Prozabdty

0.20

P90 = 8883213 KWh
0.15
[R1] 3 POS5 = B7H0365 KWh

0.0s

FTTATETAIRARIFTTRUNTT I NRTACATRU LTI ANRTI FTAY

1 M 1 i 1 L | " | L | " | L
2400000 BE0COD0 BEOODOO 0000000 D200000 0400000 SE00000 SB00000 10000000 10200000
E_Grid system production k¥Wh
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Grid-Connected System: P50 - P90 evaluation

Project : AngThong_project
Simulation variant : Longi 440Wp - Sand

Main system parameters System type Unlimited Trackers with backtracking

PV Field Orientation tilt

PV modules Model LR4-72 HBD 440 M G2 Bifacial 440 Wp

PV Array Nb. of modules 11340 Pnom total 4990 kWp
Inverter Model SUN2000-100KTL-M1-480Vac 100 kW ac
Inverter pack Nb. of units  40.0 Pnom total 4000 kW ac
User's needs Unlimited load (grid)

Evaluation of the Production probability forecast

The probability distribution of the system production forecast for different years is mainly dependent
on the meteo data used for the simulation, and depends on the following choices:

Meteo data source Meteonorm 7.2 (1991-2010), Sat=51%

Meteo data Kind Monthly averages Synthetic  Multi-year average
Specified Deviation Climate change 0.0 %

Year-to-year variability Variance 2.5 %

The probability distribution variance is also depending on some system parameters uncertainties
Specified Deviation PV module modelling/parameters 1.0 %
Inverter efficiency uncertainty 0.5 %
Soiling and mismatch uncertainties 1.0 %
Degradation uncertainty 1.0 %

Global variability (meteo + system) Variance 3.1 % {quadratic sum)
Annual production probability Variability 290 MWh

P50 9417 MWh

P90 9045 MWh

P95 8940 MWh

Probability distribution

0.50 T
045

PS50 = 9416798 kWh
040 .

0.35
0.30

0.25

Probabiity

.20
015
10
0.05

PO0 = 9044620 kKWh

P85 = 8939904 K¥Wh

PETL YRR IRATI FRTTA T A INAT FOTRURTT T ARRTL ITAm

0.00
BE00000 EEOOO00 9000000 9200000 0400000 SE00000 SEO0000 10000000 10200000 10400000
E_Grid system production kWWh
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Grid-Connected System: P50 - P90 evaluation

Project : AngThong_project

Simulation variant : Longi 440Wp - Gravel

Main system parameters System type Unlimited Trackers with backtracking

PV Field Orientation tilt

PV modules Model LR4-72 HBD 440 M G2 Bifacial 440 Wp

PV Array Nb. of modules 11340 Pnom total 4990 kWp
Inverter Model SUN2000-100KTL-M1-480Vac 100 kW ac
Inverter pack Nb. of units  40.0 Fnom total 4000 kW ac
User's needs Unlimited load (grid)

Evaluation of the Production probability forecast

The probability distribution of the system production forecast for different years is mainly dependent
on the meteo data used for the simulation, and depends on the following choices:

Meteo data source Meteonorm 7.2 (1991-2010), Sat=51%

Meteo data Kind Monthly averages Synthetic Multi-year average
Specified Deviation Climate change 0.0 %

Year-to-year variability Variance 2.5 %

The probability distribution variance is also depending on some system parameters uncertainties
Specified Deviation PV module modelling/parameters 1.0 %
Inverter efficiency uncertainty 0.5 %
Soiling and mismatch uncertainties 1.0 %
Degradation uncertainty 1.0 %

Global variability (meteo + system) Variance 3.1 % (quadratic sum)

Annual production probability Variability 295 MWh
P50 9584 MWh
P90 9205 MWh
P95 9099 MWh

Probability distribution

0.50 &
045

mmm

P50 = 9584270 kWh

0.0 |-
0.35
030
0.25 -

Probabiity

020
s
010

P80 = 9205473 kWh

alala Lug sl

PES5 = 8008895 kWh

00s B

0.00 P I U I T T N

SE00000 S8800000 S000000 3200000 8400000 9600000 93000001 000000 0200000 0400000 DEXCD00
E_Grid system production kWh
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dosmnuananlnldanTusunsus Dunandelal U7 1 vedassnisibu Jefeni
nandnlnits 4 lassnslumuandalinaonenglasanis aelfauufigiuenglasinis 25 9
Tnglddmannisanaswosseansninunaniadoyaainguanuns vilalduananlnsiommnds
371971 4-4 Tneiunariluiimsanasesussansnm Yusn 2% Jdaly 0.55% el Tuvmei

WESULAIEDIAUTINTTanaRIUsEaANS AN Uwsn 2% Udald 0.45% #ot

M139 4-4 wandnlnnasnonelasanig

Nan1sWAA N (WnnzIna-u21ug)

UTSLANNG wneia Ly LSS ULLEIERIRANY
eGOILADE Nuvghh Nuvgh Hunse | Wufiunsan

AMaziiou 0.2 0.2 0.3 0.4

1 8,430 8,883 9,045 9,205

2 8,261 8,705 8,864 9,021

3 8,215 8,666 8,824 8,980

a 8,169 8,627 8,785 8,940

5 8,122 8,588 8,745 8,900

6 8,076 8,550 8,706 8,360

7 8,030 8,511 8,666 8,820

8 7,983 8,473 8,627 8,780

9 7,937 8,435 8,589 8,741

10 7,890 8,397 8,550 8,701

11 7,844 8,359 8,511 8,662

g 12 7,798 8,321 8,473 8,623
= 13 7,751 8,284 8,435 8,584
'}E 14 7,705 8,247 8,397 8,546
15 7,659 8,210 8,359 8,507

16 7,612 8,173 8,322 8,469

17 7,566 8,136 8,284 8,431

18 7,520 8,099 8,247 8,393

19 7,473 8,063 8,210 8,355

20 7,427 8,027 8,173 8,317

21 7,380 7,990 8,136 8,280

22 7,334 7,954 8,100 8,243

23 7,288 7,919 8,063 8,206

24 7,241 7,883 8,027 8,169

25 7,195 7,848 7,991 8,132

521 (unnednd-talue) | 196,234 207,348 211,129 214,864
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4.5  fununisuanlninsaniae (Unit cost)

AuIauunsHanllindenyle Ingn1sdialdanelunisasuansiudu

Alginelunsaiuay Auusnaliihindaldunmuinmauyusieniiaeg

(Aldgenisasmuaildarglunissndunu)

punuliineniig = ——
! USanaulwinadnla

(ammiﬁ 4-1)

- lasensd 1 uksialy fiung) Seuvuvianin 244.55 a1uum

q

—_

[
24 v

- 1ASINT59 2 WSS ULARADIANY WUME) BAUNUante 248.71 §1UUW

o

24

2
3. 1A59N159 3 WS ULASEDIAIY Wuneln dauyuvianan 251.70 §1uUm
4

o

2V

- 15991 4 WS ULARARINNY WUME) BAUNUTavNe 251.98 A1UUM

(%
Y

WelAfuuUNIMUAvedlATINgg agkanaalliad a1uns0 ATuINIAUY ALY

9

(%
v ¥

YouAarlasens Felltoyansil lasanisn 1 Idunemluuasynune &

U o

NuRNUY 1.26

u/Aladnd-g3lue 1asen1si 2 Tdunasusasaasnunazyiune ddunudenle 1.20

' v
(Y & o

un/Aladnd-talu 1asanisit 3 Tdunasunasaesiuuasyiiunsig dauvusevuly 1.19

Un/Aladnd-talue waglasenisi 4 ldunesunasansinuuazyiuiiungin Iaunusienuley

=

1.17 vw/Alatnd-galus nnsAnwrvinlinsivinlassnisy 1 aldunsilunayiuneg d

2V 1

AUNUAMIYENgn wazlasinsi 4 THunsSulasaasnu Yuiiungia dauyusenyieen

Y

a

fan Tuvues 1asan1s9 2 way 3 A19ALTLAUTELANSUBAsARIA I UWT o Ui LA11lATINSH

q

=

3 Fayiumsne Sdunusentefidinitlasenisi 2 Aduiumglaiuntn

M13199 4-5 AU Usianig (Unit cost)

o wanaly WRSULEIEDIRANY
319851280 A e a— z R
‘IN‘L!‘WQJ”] wumyﬁ NUNINY NUWNRUNIIN
Alddglunmsasu @wun) 130.37 134.53 135.65 135.93
AlgaelunsAiue @uun) 114.18 114.18 116.05 116.05
é\’uﬁquﬁgwm (GRITR)) 244 55 248.71 251.70 251.98
Ul iindals (fuilatns-salug) 193,906.86  207,347.65 211,129.06  214,863.79

suyuliiiviewiae (un/Alatas-dalue) 1.26 1.20 1.19 1.17
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4.6  HUNUARDAIRTVINVBIIATING (Life cycle cost)
AUNUAREAII5TINVBILATINTT (Life cycle cost) LTUNITMIIELTUATEHFAIVEY
Tasamse Geununaastinvedlasimsadnlnimdsnunasorfinglunssi 4-6 (il
Huvel) an5197t 4-7 (UnaSuuasanssg Huneh) A13197 4-8 (uneduuadosdiny funsne)
uay AN3197 4-9 (ursFulaaBafny Nufiungan) LanadsiuyuTWIHuNLNITAI LAY
fununsidunuedsdelmuszeznaivesnsiidunu lnsfidanaades Weszeziia
Fidununtuandugalasmslulil 25 ddesamsiifioidaasvsiannitenglasinig
figaly ynyhmstigssnsszuuielidahauldfuagiinisenueuegsaihiaue deou

danavinbilasanisanusasduaulaiu 25 ¥
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TUsunsy PVsyst Len

1.lasans57 1 Munsnuuiiall fiuldusaduiiung dnaniswdenlinasneiglasnis
193,907 wingdna-Talus dunulniiidenis 1.25 vi/Aladnd-7lue dnsmanauuny
Aelulasans (Internal rate of return) 15.82%

[

2.1asems 2 MunsuuuSunasananiu wunlaunaduiuneg (Annsagiou 0.2) i
Han1suaalinaaneylasinis 207,348 wngdna-walus dunulnidendls 1.19 uvan/
Aladnd-talue onsmanauwnun1elulasenig (Internal rate of return) 16.48%

3.1A59n15% 3 THupanUUSUBaSaRIAIU NudlawaaduNunse (Annsasyiou 0.3) 1

¢ o v

Han1sHanlnaeneiglasenig 211,129 wngdna-alus dunuliiidenie 1.17 v/
Alavns- 99l snsmansuwnuaislulasenis (nternal rate of return) 16.71%

4Tasan157 4 Munauuvsunasassdiu fuildunadufiuiiunsin (Ansaviou
0.9) finanswdnlwnasneiglasinis 214,864 wnzind-ialus dunuldivientae 1.15
v/Alatad- 47l snswansuwnunslulaseing (nternal rate of return) 17.04%

WisuiieuTasanislaeldlasenisi 1 Julasanissaegaslunisiuseuiiou dae
Bnrsuisnswansuuwnunieludiuiiia (Incremental internal rate of return) Waa1n
ASANYINUIN

4 N o

Tasanisit 2 WunswuuSunasaesdny fuildunaduiiungn fnswaneuunu
meludiuiia 33.96%

Tasensit 3 WunawuuSusasansdny fuildunaduiunsie fensmanouwnu
aeludiiy 35.56%

Tasams? 4 Tunsuuusunasanssiny fudldunaduiuiunsn Tenswanouunu

Aeluduiiy 41.87%
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